A new segmentation method is presented. The watershed transformation is initially computed starting from all seeds detected as regional minima in the gradient image and a digging cost is associated to each pair of adjacent regions. Digging is performed for each pair of adjacent regions for which the cost is under a threshold, whose value is computed automatically, so originating a reduced set of seeds. Watershed transformation and digging are repeatedly applied, until no more seeds are filtered out. Then, region merging is accomplished, based on the size of adjacent regions.
Introduction
Image segmentation is a key process for many image analysis and computer vision tasks. It aims at dividing the image into a number of disjoint regions, ideally corresponding to the regions perceived by a human observer as constituting the scene. While all the pixels in the same region are similar with respect to some property, e.g., color, intensity, or texture, adjacent regions significantly differ from each other with respect to the same property. The result of segmentation is either a collection of regions, constituting a partition of the image, or a collection of contours, each of which delimiting a region of the image.
Segmentation has received much attention in the literature (e.g., refer to [1] [2] [3] [4] [5] [6] [7] [8] [9] and to the references quoted therein). Histogram thresholding, edge detection, region growing, fuzzy clustering, probabilistic Bayesian methods, watershed transformation are among the most commonly followed approaches. Selection of the method to be used mostly depends on the specific image domain and application. In this work, we consider watershed-based segmentation.
As far as we know, watershed-based segmentation was introduced in [10] . Then, a number of papers suggesting solutions to the main problems affecting the watershed segmentation, or dealing with different applications of watershed transformation have been published (see, e.g., [11] [12] [13] [14] [15] [16] ).
Basically, watershed segmentation is based on the identification of suitable seeds in the gradient image of the input image, followed by a growing process that originates from the selected seeds. The seeds are generally detected as the sets of pixels with locally minimal value (called regional minima). In turn, the growing process associates to each seed the pixels that result to be closer, in terms of a given property, to that seed more than to any other seed.
A positive feature of watershed segmentation is that the contours delimiting the regions into which the image is divided are mostly placed where human observers perceive them. In fact, the growing process is performed on the gradient image, where the edges are enhanced. A negative feature is that the image may result to be divided into a number of parts that is remarkably either larger (over-segmentation) or smaller (under-segmentation) than the expected number of parts. Over-segmentation is mainly caused by the fact that, by using all the regional minima in the gradient image, a too large number of seeds is obtained. Thus, suitable criteria to reduce the number of seeds are necessary. In turn, under-segmentation occurs when the criteria adopted for filtering the seeds are too selective.
The new method presented in this paper consists of two phases, both aimed at reducing the number of regions into which the image is partitioned to the most significant ones. During the first phase, a reduced set of seeds is computed by means of digging, while during the second phase adjacent regions are merged. The watershed transformation is initially computed starting from all seeds detected as regional minima in the gradient image. The cost for digging a canal to link regional minima of each pair of adjacent regions is computed. Then, digging is actually performed for each pair of adjacent regions for which the cost is under a threshold, whose value is computed automatically. Digging filters out a number of seeds so that a smaller number of regions are obtained when the watershed transformation is applied again. Watershed transformation and digging are repeatedly applied, until the number of seeds, and hence of regions, becomes stable. The second phase of the method is a merging process that is done in one inspection of the image resulting at the end of the first phase, and is based on the size of the regions.
The paper is organized as follows. Section 2 introduces the standard watershed transformation; Section 3 presents the new method; experimental results are discussed in Section 4; finally, concluding remarks are given in Section 5.
Watershed Transformation
An easy way to explain how the watershed transformation works is the landscape paradigm. A 2D digital image can be interpreted as a terrain elevation map, where the gray level g of a pixel p with coordinates (x, y) is the elevation at position (x, y) of the corresponding 3D landscape. The bottom of each valley of the landscape (called pit) is mapped into a connected set of pixels of the 2D image characterized by locally minimal gray level, and the top of each hill (called peak) is mapped into a connected set of pixels of the 2D image characterized by locally maximal gray level. Let us suppose that the landscape is immersed into water after its pits have been pierced. Immersion into water causes flooding of the landscape. Valleys with the lowest pits are reached first by the water and the corresponding catchment basins start to be transformed into lakes. When the water in a lake reaches the edge separating the catchment basin of that lake from an adjacent basin, a dam has to be built to prevent the water of the lake to overflow into the adjacent basin. Dam construction continues until the water reaches the highest peaks of the landscape. When this is the case, the top lines of the dams constitute the closed watershed lines, each of which surrounds a catchment basin, and the input image results to be partitioned into a number of catchment basins.
To implement the standard watershed transformation, two different strategies can be followed, known as watershed by topographical distances and watershed by immersion (see [12] for a detailed description of both strategies). In any case, to guarantee that the catchment basins are separated from each other by a leak-proof set of watershed lines, different metrics have to be adopted for basins and lines. We use 4-connectedness for the catchment basins and 8-connectedness for the watershed lines. Connected component labeling completes watershed transformation by assigning an identity label to each of the regions into which the image is partitioned. An example of watershed segmentation is given in Fig. 1 . There, image # 42049 of the Berkeley segmentation dataset [17] is to the left and the standard watershed transform is in the middle. Since all 7569 regional minima detected in the gradient image have been used as seeds, the image is partitioned into 7569 regions. The resulting image is clearly over-segmented. To reduce over-segmentation, a careful selection of the regional minima to be used as seeds for region growing is necessary, or reliable criteria for region merging have to be adopted. In [13] , an effective but computationally expensive watershed segmentation method has been suggested that significantly reduces oversegmentation. After the watershed transform is computed starting from all seeds, the significance of each obtained region X is evaluated in terms of the interaction of X with every adjacent catchment basin Y. Then, flooding and digging are employed to cause disappearance of the regional minima corresponding to non-significant regions and the watershed transform starting from the reduced set of seeds is computed. Detection of non-significant regions, flooding and digging, and watershed transformation are repeated until all regions in the current watershed transform result to be significant. By applying the watershed segmentation algorithm [13] to the image in Fig. 1 left, the partition into only 645 regions shown in Fig. 1 right is obtained. Unfortunately, the computational cost of this algorithm is rather high, due to the large number of applications of the watershed transformation and, mainly, to the processes aimed at computing region significance.
Flooding and digging, though both aimed at filtering out non-significant seeds, act differently as concerns the resulting watershed transform and should be applied under different circumstances. To understand what happens if the seed associated to a given catchment basin X is removed by either flooding or digging, let us refer to the simple example shown in Fig. 2 , where X is shown together with the adjacent catchment basin Y. Let LO XY be the local overflow pixel, i.e., the pixel with minimal height along the watershed line separating X from Y and let l XY denote the gray level of LO XY . To filter out the seed associated to X, we should modify the gradient image in such a way that the set of pixels that constituted the seed for X is no longer a regional minimum. To reach the goal via flooding, we must increase to l XY the gray level of all pixels of X with gray level lower than l XY . In turn, to reach the goal by digging, we should dig a canal connecting the regional minima of X and Y. The canal is identified in the gradient image as the minimal length path linking the regional minima of X and Y, and passing through LO XY . The gray level of all the pixels in the path is set to the lower value between those of the regional minima of X and Y.
Clearly, both flooding and digging cause the suppression of the regional minimum associated to X and, hence, X will result as merged to Y when the watershed transformation is applied again. However, digging is generally preferable since it allows to merge X and Y without altering the watershed lines separating X any another adjacent region W with which X should not be merged, even if the local overflow pixel LO XW has gray level l XW smaller that l XY . For this reason, in our new segmentation method we use only digging for seed filtering in the gradient image.
The Suggested Method
Our segmentation method consists of two phases, both aimed at reducing the number of regions into which the image has been partitioned by an initial watershed transformation. During the first phase, seed reduction is obtained via digging, while during the second phase adjacent regions are merged if some conditions on their size are verified.
The watershed transformation is initially computed starting from all regional minima in the gradient image. Then, we compute the cost for digging a canal to link the regional minima of each pair of adjacent regions and perform digging for each pair of adjacent regions with cost under a threshold. The value of this threshold is computed automatically. The effect of digging is a reduction in the number of seeds, and hence in the number of regions, that are obtained by applying again the watershed transformation. Watershed transformation and digging are repeatedly applied, as far as seed removal is possible. Then, the second phase is performed. This is a region merging based on the size of the regions and accomplished in one inspection of the image.
First Phase
As mentioned in the previous section, we prefer to filter out seeds by digging rather than by flooding since digging does not alter the watershed lines separating a region whose minimum has to be suppressed from other regions that should remain in the watershed transform. To perform digging between two adjacent regions X and Y, we need to build a path linking the regional minima of X and Y. The larger is the height of the local overflow pixel LO XY with respect to the regional minima of X and Y, the larger is the cost C XY necessary to build the path and, hence, to perform digging between X and Y passing through LO XY .
If we denote by l XY , min X and min Y the gray levels of LO XY and of the regional minima of X and Y respectively, the cost C XY is computed as follows:
The contour of a region X consists of a number of parts, each of which is a watershed line separating X from one of the basins adjacent to X. For each region Y adjacent to X, we identify the local overflow pixel LO XY and compute the corresponding cost C XY necessary for digging a canal from X to Y through LO XY .
In general, the watershed lines separating X from the adjacent regions are likely to be characterized by different digging costs. To reduce over-segmentation, we unavoidably need to filter out a number of seeds. Then, it seems safer to perform digging through the local overflow pixel with the smallest associated digging cost, while the remaining watershed lines of X remain unaltered.
However, if the above process is indiscriminately done for all regions in the initial watershed transform, the resulting image would be under-segmented and if digging is iterated the whole image would obviously merge into a unique region. We observe that if we want to maintain untouched the watershed lines separating X from other adjacent regions while we dig out a canal linking the regional minimum of X to the regional minimum of Y, some specific conditions should be fulfilled as regards the digging costs along the contour of Y. More in detail, let us refer to Fig. 3 and suppose that we want to dig a canal between X and Y, leaving the remaining part of the contour of X untouched.
Let us consider the costs of digging the canals from X to its adjacent basins Y and W. By taking into account the above issues, we can suppose that for the basin X, C XW is the maximal cost, while C XY is the minimal cost. If we want to preserve the watershed line separating X from W while we merge X and Y via digging, then C YW should be larger than C XY . Otherwise, if C YW is smaller than C XY , besides merging X with Y we would also merge Y to W. As a result, X would be merged to W, while our X Y W intention was to keep unaltered the watershed lines separating X from W. Thus, a reasonable condition to prevent digging from X to Y is that C XY is the minimal cost, C XW is the maximal cost, and a basin W adjacent to both X and Y exists such that C YW <C XY . For each maximal cost actually found in the initial watershed transform, we count the number of times that the above situation occurs. In this way, we build the histogram of the distribution of maximal digging costs, where we detect peaks and valleys, i.e., local maxima and local minima. Our aim is to identify a suitable valley whose value can be used as a threshold on digging cost, so as to reduce oversegmentation when the watershed transformation is newly applied. We have experimentally found that, in the average, the best threshold value is the digging cost corresponding to the deepest valley. The depth of a valley is obtained by computing the differences in height between each of the two peaks delimiting any valley and the valley itself, and by taking the largest of the two differences. If the same maximal depth characterizes more than one valley, we use as threshold the digging cost corresponding to the rightmost deepest valley, i.e., we take as threshold value the largest digging cost among those found in all valleys having the maximal depth.
Actually, both very small and rather large maximal cost values are not considered in the histogram to detect the deepest valley. In fact, small digging costs are very frequent in the initial watershed transform, where many noisy partition regions are due to regional minima found in the gradient image in correspondence with almost homogeneous areas. Considering all small digging costs to analyze the histogram would lead to rather high peaks in correspondence with these small costs. This, in turn, would lead to detect a too small threshold value that would result as not adequate to reduce over-segmentation. On the other hand, peak height along the histogram decreases when the digging cost increases, so that the peaks, if any, in the rightmost part of the histogram have rather small height. Considering them would only make histogram analysis more expensive. Moreover, merging between regions for which the digging cost is rather high would mean merging regions that are associated to two regional minima rather different in the gradient image. These regional minima most possibly originate regions in between which a human observer would perceive a separation.
Thus, we build the histogram only for maximal digging costs ranging from a minimum value 10 to a maximal value 40, where both limits have been experimentally found as adequate to provide good segmentation results in the majority of cases.
Once the value of the threshold θ on digging cost has been computed, digging should be done for each pair of adjacent regions X and Y such that C XY ≤θ (of course, if this condition holds for X and more than just one adjacent region Y, more canals are built, which will produce a larger fusion in the newly computed watershed transform). To this purpose, a linking path passing through LO XY should be built to connect the regional minima of each pair of regions X and Y for which the digging cost does not overcome the threshold. To avoid unwanted digging of X with any other adjacent region W for which a digging cost C XW >θ is found, the linking path connecting the regional minima of X and Y is not built if the path necessarily passes through pixels that, besides belonging to the watershed line separating X and Y, also belong to the watershed line separating X and W.
The effect of digging is not only that of causing merging of suitable pairs of adjacent regions for which the digging cost is under the threshold, but also that of making possible, at a successive application of the watershed transformation, the construction of linking paths in correspondence with those regions that were characterized by digging cost under the threshold, but for which the paths could not be built. Thus, watershed transformation, computation of the digging costs, and digging are repeated until no more seeds are filtered out. A small number of iterations are generally sufficient to obtain a stable watershed transform. We have experimentally found that in the average the first phase of segmentation requires at most three iterations. Fig. 4 left shows the result at the end of the first phase of segmentation for the running example. The automatically computed value of the threshold is θ=32, and 666 regions have been found. 
Second Phase
The area of each region of the watershed partitioned image is computed by counting the number of pixels it includes. Let A be the arithmetic mean of the areas of all regions. We divide the regions in two classes, respectively including regions with large area and regions with small area. A region R i with area A i is classified as small if it is A i /A < τ, where the value of the threshold τ has to be fixed depending on problem domain. In this work we have experimentally found that the value τ= 0.33 produces generally good results.
All regions with small area and adjacent to each other are merged into a unique region. For the running example, it results A=231. Due to the selected value for τ, this means that regions with area consisting of less than 77 pixels are regarded as small regions and are accordingly merged.
The segmentation of the running example at the end of the second phase is shown in Fig. 4 right. Only 82 regions characterize the segmented image, which is remarkably less than the 645 regions found by the algorithm [13] .
Experimental Results
The segmentation algorithm has been tested on a number of images with different resolutions, taken from public databases. The three images #62096, #118035, and #41004 shown in Fig.5 , all taken from [17] , are used here to show the performance of the segmentation algorithm.
In all cases, the value of the threshold θ has been automatically computed by analyzing the histogram of maximal digging cost distribution in the range from 10 to 40. As for the threshold τ used during the second phase of the process, the value τ=0.33 has been used in all cases. The results obtained at the end of phase 1 and of phase 2 are shown in Fig. 6 top and Fig. 6 bottom, respectively. In turn, the arithmetic mean of the area of the watershed regions resulting at the end of phase 1 is 74 for #62096, 200 for #118035 and 78 for #41004. As already pointed out, the default threshold value τ= 0.33 has been used for all examples. The final segmentations include 358, 78 and 260 regions, for images #62096, #118035, and #41004, respectively.
We point out that the values 10 and 40 as limits for the analysis of the histogram of the maximal digging costs and the value of the threshold τ=0.33 suggested in this paper have to be interpreted as default values producing, in the average, satisfactory results. Of course, it is not guaranteed that by using the default values the best segmentation is achieved whichever input image is handled. Moreover, we point out that the value of θ automatically computed in correspondence with the deepest valley of the histogram of the maximal digging costs, could generally be slightly increased without producing under-segmented results. As an example refer to Fig. 7 , where for image #42049 other two different segmentations, obtained with different values for the segmentation parameters are given. As shown in Fig. 4 right, the value θ=32, automatically computed, produced 666 and 82 regions at the end of the first and of the second segmentation phase. By setting θ=36 (θ=39), 552 and 74 regions (486 and 64 regions) are respectively obtained. Fig. 7 . Different segmentations obtained after the first segmentation phase, left, and after the second phase, right, for θ=36, top, and θ=39, bottom Analogously, different results are also possible by changing the value of the merging threshold τ used during the second phase of segmentation.
Concluding Remarks
We have suggested a segmentation method based on the watershed transformation. To reduce the main drawback of watershed transformation, i.e., the generally too large number of partition regions with respect to the intuitively expected ones, we have introduced the notion of cost of digging. Then, we have established a criterion to compute automatically a threshold on digging cost. For each pair of adjacent basins characterized by a digging cost smaller than the threshold, a path linking the corresponding regional minima has been built so as to merge the two distinct regional minima in one regional minimum. In this way, by applying again the watershed transformation, all regions such that the corresponding regional minima have been connected to each other by means of linking paths result to be merged into a unique region. The whole process consisting of watershed transformation and digging is repeated as far as linking paths can be built to merge adjacent regions. Once the digging cost is above the threshold for all regions, a second phase of segmentation is accomplished to merge adjacent regions based on their relative size. The algorithm has been tested on a large variety of images, producing generally satisfactory results.
